Ground penetrating radar (GPR) has been widely used in civil engineering, landmine detection and identification, unexploded ordnance, environmental engineering, and so forth. But GPR signals from shallowly buried objects tend to be obscured by the return from the air-soil interface. So how to get rid of the disturbing effect of this background signal has been always a troublesome problem in practical engineering. Based on the study to the characteristic of real-world GPR data, we find that the background has much strong correlations from trace to trace. So we propose to use KLT to process GPR signal. Simulative and practical experimental data examples are included to demonstrate the effectiveness of the method. Results indicate that KLT technique can really eliminate the strong GPR background mostly. The signal-to-noise ratio of the data processed by KLT technique can be enhanced greatly.
Introduction
Impulse time-domain ground penetrating radar (GPR) realize exploring shallowly buried objects under the ground by radiating short-duration pulses of electromagnetic energy into the ground and recording the energy backscattered from a buried object as a function of time. Because of military and civil engineering practical demand, GPR has found many applications in relation to exploring near-surface targets. However, much strong clutter (or background) is often a performance-limiting factor in GPR practical applications. How to get rid of the strong clutter so as to enhance the signal-to-noise (or signal-to-clutter) ratio has all along been a much troublesome problem.
Several clutter reduction techniques [1, 2, 3] , such as time gating, ensemble average subtraction, etc. have been discussed in the literature, but none of these methods perform satisfactorily when applied to GPR data collected over shallowly buried targets in nonuniform ground. Here we present a novel technique using Karhunen-Loéve transform (KLT) to eliminate the strong GPR background to greatly enhance the signal-to-noise ratio of the original GPR data. The assumption of KLT is that the data (or signals) to process are mutually correlated, and there is thus some redundancy in the data. The redundancy in KLT is measured by correlations between data elements. So signal processing using KLT is only based on second-order statistics. Data processed by KLT can remove the correlations between them. From the point of the mean-square error, the results by KLT processing is optimum. Based on the study on the characteristic of real-world GPR data, we find that the background has much strong correlations from trace to trace. So we propose to use KLT to process GPR signal. Synthetic (FDTD simulated) and practical experimental data examples are included to demonstrate the effectiveness of the method.
The Principle of GPR Signal-to-Noise Ratio Enhancement by KLT
Brief introduction to KLT [4] In general, KLT can be represented with matrix as
where X and T are , respectively, the data matrix to be transformed and transform matrix. So Y is the result of KLT. In KLT, the transform matrix T is determined from X , the data matrix to be transformed. Suppose an N-dimensional stochastic vector
and its covariance matrix is
where E(X) is the mean vector of X . In general, C X is a positive (or semi-positive) definite matrix. So we have a normal orthogonal matrix B = (v 1 , v 2 , ..., v N ), to make
where λ i is eigenvalue of C X , and meets λ 1 ≥ λ 2 ≥ ... ≥ λ N . v i is normal orthogonal eignvector, corresponding to λ i . Actually we often have that the value of λ 1 is much bigger than that of any other λ i 's. It represents the most correlated components among all the random variable, x i 's. And the much small λ i 's corresponding to the most uncorrelated components are often considered as random noise. The information we are interested may be contained in the intermediate λ i 's. Here we definite an orthogonal transform of X as
and Y is called Karhunen-Loéve transform of X.
The Principle of GPR Signal-to-Noise Ratio Enhancement by KLT Figure 1 : The block diagram of underground target detection using GPR To be convenient for description, a block diagram of a typical GPR system to detect underground targets, is given in the following (1). In it, x c (t)represents the antenna crosstalk, x r (t)is the reflections from the ground surface, s(t) , may be inexistent in some traces, is the signal from a underground target, and taking into account the random noise, n(t) , not showed in Figure 1 . We get the model of GPR measurements as follows
In general, x c (t) plus x r (t), denoted by x d (t), is called direct wave (or clutter) in GPR measurements. This clutter often has a slow spatial variation and much stronger strength than that of any other components in the GPR measurements in practice. The strength of random noise, n(t), is relatively weaker then on the contrary. In fact, the clutter is a main performance-limiting factor in GPR detection of near-surface targets. So we can enhance GPR signal-to-noise ratio through eliminating the clutter from each trace. In this paper, we only aim at GPR measurements from local underground targets such as pipeline and landmine, to enhance signal-to-noise ratio by clutter reduction using KLT. Clutter in every trace in a B-scan has much strong correlation. Random noise is almost uncorrelated from trace to trace. And signal from a local underground target has intermediate correlation among them. So we can use KLT to throw away the vectors, y i 's, corresponding to the biggest and minor eignvalues to eliminating the clutter and random noise.
Examples for GPR Signal-to-noise Ratio Enhancement Using KLT
Here we present two examples to investigate the ability of GPR signal-to-noise ratio enhancement to use KLT. One is that we use finite-difference time-domain (FDTD) simulated GPR data to validate our approach, and the other is that practical GPR data from field-test experiment are processed by using KLT. We both get satisfactory results.
First, to demonstrate how the KLT eliminates the clutter to enhance the GPR signalto-noise ratio, we use FDTD to simulate a PVC pipeline with a dielectric constant of 2.6 in the isotropic media having a dielectric constant of 4. The pipeline is 30cm below the surface horizontally. We simulate 36 traces GPR data which every trace has 1000 sampling points in all. The original simulated data and the data that the clutter has been removed using KLT are demonstrated in Figure 2, (a) and (b) , respectively, the so-called radargrams [5] . From Figure 2 (a), it is difficult for us to judge whether there is any target in it only from the original data. But in Figure 2 (b), after having eliminated the clutter via KLT, the target signals are displayed distinctly. So we conclude from simulated GPR data that KLT can enhance the GPR signal-to-noise ratio greatly.
Second, let us consider the field-test GPR data being processed by KLT technique. The experiment was done in the moist sand box with 150cm long and 100cm wide. The target being 10cm below the surface, is an aluminium pipe with 8cm in diameter, 30.5cm in length, and 0.12cm thick in pipe wall. The surveying line is orthogonal to the pipe direction. The data are collected by a time-domain impulse GPR system. Every measuring line collects 70 traces (or returns) which each has 512 samples. The spacing between two traces is 1cm. The radargrams of the raw data and the data processed by KLT are displayed in Figure 3 
